Defect states in ZnAl 2 o 4 have a significant role in its applicability as a luminescent material. To understand the nature and distribution of defects in its crystal lattice, thermoluminescence (TL) study has been carried out. Excellent TL response is observed from γand ultraviolet-irradiated samples at different doses and exposure durations, respectively. Different type of fuels employed in combustion synthesis show a remarkable effect on the trap distribution and hence luminescence properties. Shallow and deep traps are observed in crystals attributed to O − vacancies and F + centers. The mechanism of trapping, retrapping and recombination have been depicted through schematic band model diagram. X-ray photoelectron spectroscopy indicated the presence of various types of defects specifically Al Zn antisite defect, oxygen and zinc vacancies which are further upheld by photoluminescence and Raman spectroscopy. All results when summed up, predict ZnAl 2 o 4 to be a quality material for dosimetry.
In the search of better and efficient luminescent material for commercial applications, scientific community has been continuously exploring photoluminescence (PL) and thermoluminescence (TL) in different materials [1] [2] [3] [4] . Metal oxides are drawing considerable attention owing to their non-toxic nature and tunable luminescence properties attributable to the defect states. Zinc aluminate (ZnAl 2 O 4 ) is a well known member of spinel family possessing versatile properties and magnificent applications [5] [6] [7] [8] [9] [10] . It crystallizes in fcc crystal system with Fd3m space group. It is a wide band gap material with band gap value of ~3.8 eV in bulk form 11 . It is a n-type semiconducting material, its conductivity prominently attributed to Al Zn antisite defects which is a shallow defect near conduction band edge accompanied by cationic vacancies 12 . Due to complex crystal structure and multiple defect centers such as cationic-anionic vacancies, antisite defects and cationic interstitial, it shows alluring luminescence [6] [7] [8] [9] . Most of the work has been reported on photoluminescence of undoped as well as doped ZnAl 2 O 4 8-10, [12] [13] [14] [15] [16] . However, in order to understand the defect levels and their nature in a material, it must be studied rigorously, which can be brought about by TL study.
TL studies can help in locating the trap states and their nature in semiconducting crystal systems [17] [18] [19] [20] . TL is the heat stimulated emission from a material, being exposed to an ionizing radiation prior to thermal treatment 21 . Various types of ionizing radiations such as α, β, γ, cosmic, ultraviolet (UV) and X-rays can be utilized for the pre-exposure 22, 23 . Informative parameters such as order of kinetics, trap depth and frequency factor from TL emission must be known so that basic mechanism of TL emission and dosimetric properties of material could be critically analyzed 24 . Order of kinetics enables one to understand the type of trapping and recombination process. First order kinetics indicates a faster decay while second order kinetics indicates retrapping of charge carriers leading to delayed emission 25 . Trap depth or activation energy (E) is assigned to a metastable state (trap) existing in forbidden band gap region either below the conduction band, above the valence band or rarely in the middle of band gap. These trap states originate from defects in the crystal structure 21 . On irradiating the crystal with a suitable ionizing radiation, free charge carriers are generated which get trapped in these metastable states. On receiving thermal energy, trapped carriers gain much energy to overcome the trap potential barrier and jump to conduction band. Recombination of carriers undergoing transition from conduction band to hole traps lead to TL glow curves. Depending upon the value of E, traps may be classified into shallow (for lower values of E) and deep traps (for higher E). Frequency factor, also known as attempt to escape frequency (s) is number of times per second a charge carrier attempts to escape the potential barrier of trap 21 . So far, there are fewer reports on TL study in undoped and doped ZnAl 2 O 4 crystal system [26] [27] [28] [29] . However, available information is incomplete and TL mechanism is not known completely. Since ZnAl 2 O 4 crystal system embraces multiple defects being dependent on synthesis conditions, it is expected to exhibit sublime TL response.
Aim of the present study is to gain an insight into effect of ionizing radiation and fuel type on the nature of defects generated and in turn on TL of ZnAl 2 O 4 nanoparticles. Two types of fuels viz. urea and monoethanolamine (MEA) are used to synthesize ZnAl 2 O 4 nanoparticles. Indepth TL analysis has been carried out on γ and UV irradiated samples to predict the dosimetric application of ZnAl 2 O 4 nanoparticles. Sample prepared using MEA fuel is scripted as S1 and that using urea is scripted as S2 throughout the manuscript.
Results and Discussion
Structural, morphological and spectroscopic studies have been done on these samples in a previous work reported elsewhere 6 . X-ray diffraction (XRD) study inferred the formation of single phase ZnAl 2 O 4 in S1 and a minor secondary phase of α-Al 2 O 3 along with ZnAl 2 O 4 in S2. Rietveld refinement of XRD patterns confirmed the secondary phase presence in S2 and provided a detailed analysis of ZnAl 2 O 4 crystal structure. Presence of various defects viz. zinc and aluminium vacancies, Al Zn antisite defect, oxygen vacancies and cationic interstitials were indicated by refinement and X-ray absorption near edge spectroscopy. Urbach energy values from absorption spectra quantifying the band tailing and PL emission also pointed towards the existence of various shallow and deep defect states in samples. In order to understand the traps distribution, its dependence on type of ionizing radiation and fuel, further spectroscopic and TL studies have been carried out.
Raman spectroscopy. Raman spectroscopy has been employed to study the changes in local structure of ZnAl 2 O 4 nanocrystals on varying the fuel type. Raman spectra for both samples have been shown in Fig. 1 . According to group theory, spinels possess 42 normal modes at Brillouin zone center, which may be divided into 3 acoustic and 39 optical modes 30 . These modes can be represented in terms of symmetry species by Eq. (1): 30 . Signature peaks of high intensity at 420 cm −1 and 661 cm −1 correspond to E g (asymmetric bending motion of oxygen atoms in ZnO 4 tetrahedra) and F 2g mode (motion of oxygen atoms within AlO 6 octahedra), respectively. Researchers have observed other modes as well with relatively weak intensities, however in our case only these two prominent modes are observed. This might be an indication of defects present in the system. Low frequency motions (<250 cm −1 ) are mainly due to Zn ions and higher ones are due to O and Al, with dominating contribution from O 31 . Any peak asymmetry indicates the disorder in spinel. It is clear from the figure that peaks corresponding to F 2g mode in both samples are asymmetric, indicating presence of disorder viz. Scanning and transmission electron microscopy. In order to get an idea about surface morphology at a micro scale, scanning electron microscopy (SEM) is used. SEM images of both samples at different resolutions are shown in Fig. 2 (a-d). Synthesized nanoparticles have flaky morphology at the surface. Images at higher resolution give a glimpse of agglomerated nanoparticles. Agglomeration may be ascribed to annealing at such a high temperature (1000 °C). Surface morphology of nanoparticles is observed to be approximately spherical with somewhat more particle uniformity in S1 as compared to S2. ImageJ software (version: 1.8.0_112; url: https:// imagej.nih.gov/ij/download.html) 33 is employed to study the particle size from the SEM images and outcome is in the range of 25-35 nm for S1 and 30-50 nm for S2. Transmission electron microscopy (TEM) is also done on both samples to analyze the spatial morphology of nanoparticles. It can be seen from Fig. 2 (e,f) that morphology of nanocrystals is nearly spherical with agglomeration. Particle size distribution from TEM images is also analyzed through ImageJ software and it is in the range 20-50 nm and 30-80 nm for S1 and S2, respectively.
Figure 2.
Scanning electron microscopic images of (a,b) S1 and (c,d) S2 at different resolutions; transmission electron microscopic images of (e) S1 and (f) S2.
pared samples are shown in Fig. 3 , which confirm the presence of Zn, Al, O and rule out the incorporation of any other impurity 34 .
Core level spectra of Al 2p, Zn 2p 3/2 and O 1s are shown in Fig. 4 . These spectra are deconvoluted and fitted using Fityk software (version: 1.3.1; url: https://fityk.nieto.pl/) 35 by applying pseudo-voigt peak profile function. It can be seen that Al 2p peak consist of one peak positioned at 73.98 and 74.46 eV in S1 and S2, respectively. This peak originates due to octahedral position of Al in ZnAl 2 O 4 lattice i.e. Al in AlO 6 octahedra 36 . Slightly lower binding energy (B.E.) in S1 can be attributed to presence of few Al 3+ cations on tetrahedral sites, in other words, Al Zn antisite defect. Zn 2p 3/2 peak is deconvoluted into two components viz. 1021.68 and 1020.90 eV in S1 and 1021.95 and 1020.21 eV in S2. Peak at higher B.E. is due to presence of Zn in tetrahedral sites of ZnAl 2 O 4 crystal lattice, while peak at lower energy indicates formation of Zn-Zn bond i.e. Zn in metallic form 37 . Relative contribution of peak2 indicates more metallic zinc in S1 as compared to that in S2. Presence of metallic zinc further indicates zinc vacancies in ZnAl 2 O 4 lattice. O 1s peak is deconvoluted into two peaks with their maxima at 532.68 and 530.72 eV in S1 and 532.75 and 531.22 eV in S2. Peak corresponding to lower B.E. may be ascribed to the oxygen sites in ZnAl 2 O 4 crystal system, whereas peak at higher B.E. indicates chemisorbed oxygen on sample surface 37 . Shift in low energy peak maximum in S2 towards higher B.E. side is due to the presence of α-Al 2 O 3 as a secondary phase in it, since Al 2p in Al 2 O 3 exhibits a peak maximum at ~531.6 eV. Information obtained from core level spectra analysis has been summed up in Table 1 .
Photoluminescence spectroscopy. PL spectroscopy can help in probing various defect states present in a compound. PL spectra for both the samples have been shown in Fig. 5 . It can be seen that, on excitation with a laser of wavelength 325 nm, a near infrared (NIR) emission results from both samples. However, their intensities and peak positions are not similar. NIR emission is generated due to transitions from defect states and not from band to band ones in ZnAl 2 O 4 . Oxygen vacancies situated deep in forbidden band gap region are responsible for such NIR emission 6 . These defects are excitation energy dependent, as many researchers have earlier observed different emission spectra on changing excitation energy 6, 7, 9, 10, 38, 39 . Sample S2 is showing a shift of ~40 nm in NIR peak position as compared to S1. This may be attributed to the reordering of radiative defect levels in S2 due to presence of secondary phase. Thus, secondary phase leads emission deeper in NIR region, which could prove beneficial in tissue imaging etc.
Thermoluminescence. In order to study various trap states existing within the ZnAl 2 O 4 crystal system, both the samples were irradiated with varying doses of γ-rays and UV radiation. 60 Co source γ-irradiated and UV (254 nm) exposed TL glow curves of both samples are shown in Fig. 6 . It can be seen from the Fig. 6 (a,c) that S1 shows a broad TL curve with peak maxima at ~426 K on γ as well as UV irradiation, while S2 consists of single, narrow and relatively intense peak centered at ~420 K and ~426 K in γ-irradiated and UV exposed samples, respectively. TL peak maxima at ~427 K is considered as signature TL signal of ZnAl 2 O 4 ascribed to O − ions 26, 27 . In present case, TL peak maxima is at lower temperature side in γ-irradiated S2 ( Fig. 6(b) ) compared to others which is probably due to the presence of secondary phase in it, since reduced α-Al 2 O 3 exhibits TL peak at 410 K 40 , further indicating oxygen vacancies in the system. Glow curves of S1 are not simple ones, consisting of multiple trap centers which can be acknowledged by deconvolution of the curves. There is almost no change in shape of glow curves of S2 whether irradiated with γ-radiation or UV-radiation ( Fig. 6(b,d) , while a significant change in shape of glow curve occurs in S1 on changing the radiation type ( Fig. 6(a,c) . This indicates that type of fuel has a significant effect on distribution of defect levels. Glow curves corresponding to S2 have been analyzed by various www.nature.com/scientificreports www.nature.com/scientificreports/ methods viz. initial rise method (IRM), Chen's peak shape method (CM) and Kirsh's method (KM) of whole peak analysis 41 ; all applicable for single TL peak.
IRM gives the preliminary estimate of activation energy/trap depth (E) from the analysis of low temperature interval of a peak and is independent of order of kinetics 25 . It is assumed that in low temperature region, amount of trapped carriers is almost constant so temperature dependence can be ignored upto T c < T m . Here, T c corresponds to the temperature at which intensity, I c , is less than 15% of maximum intensity, I 0 , and T m is the temperature corresponding to I 0 . Under such assumptions, intensity of glow peak can be represented by the Eq. (2):
where, k is Boltzmann's constant. Plot of ln(I) as a function of 1/T gives a straight line, whose slope determines the trap depth as depicted in Fig. 7(a) . E values for γ-irradiated and UV exposed S2 are listed in Tables 2 and 3 , respectively. CM can be applied to a well resolved single peak, without any prior knowledge of frequency factor (s) and kinetics order 42 . As the name indicates, this method is based upon analysis of peak shape parameters determining the trap depth and order of kinetics. Herein, T 1 and T 2 are the temperature values corresponding to I 0 /2 on lower and higher temperature side, respectively. Peak shape parameters (illustrated in Fig. 7(b) ) are: τ = T m − T 1 is half width of peak at low temperature side, δ = T 2 − T m is half width of peak at high temperature side, ω = T 2 − T 1 is full width at half maximum, μ g = δ/ω is the geometrical form factor. Value of μ g determines the order of kinetics, for it being 0.42 indicates first order kinetics, 0.52 indicates second order kinetics and value lying in the range 0.42-0.52 indicates mixed order kinetics. The mathematical expression, for general order kinetics, used to calculate trap depth energies is given by Eq. (3) as: Figure 5 . Photoluminescence spectra of S1 and S2 in near-infrared region. Figure 6 . Glow curves of γ-irradiated (a) S1 (b) S2 and UV exposed (c) S1 (d) S2.
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www.nature.com/scientificreports www.nature.com/scientificreports/ Value of kinetic order, b can be calculated through μ g from the graph proposed by Chen 42 . All peak shape parameters, corresponding trap depth energies and order of kinetics computed for S2 are summed up in Tables 2  and 3. KM is a curve fitting method, an extension of IRM to the whole curve converting it into a straight line 24 . This method can simultaneously provide activation energy and order of kinetics for an isolated peak, based on following mathematical expression: 
where, n 0 and n are the charge carrier concentration initially and at any temperature (T), respectively. Ratio n/n 0 is equal to the area of the peak from point (T, I) till end point. Slope of above straight line gives (−E/k) and intercept gives b, shown in Fig. 7(c) . Information obtained from KM for S2 is tabulated in Tables 2 and 3 . Attempt to escape frequency or frequency factor (s) can be obtained by applying Eq. (5) for general order kinetics: www.nature.com/scientificreports www.nature.com/scientificreports/ here, β is the linear heating rate. Calculated frequency factors in S2 at different doses of γ radiation and different exposure times of UV radiation are summed up in Tables 2 and 3, respectively. All three methods indicate trap depth in S2 to be in the range 0.9-1.1 eV and glow curves following a general order kinetics. IRM underestimates the trap depths due to inclusion of non radiative emission as well in computation 25 . Kirsh's method being a whole curve analysis method can be relied on the most. Relative comparison in results of all three methods is shown graphically in Fig. 8 .
Methods applied for the analysis of glow curves of S2 can't be applied for the same in S1, due to overlapped peaks. So, information from glow curves of S1 has been derived by deconvoluting the curves on applying general order kinetics in TLanal software (version: 1.0.3; url: http://physica.gsnu.ac.kr/TLanal/start.html) 43 specially meant for deconvoluting complex TL curves 44 . Deconvoluted glow curves are shown in Figs. 9 and 10 , respectively and glow curve parameters are summed up in Tables 4 and 5 . Deconvolution enabled to visualize the trap distribution and trap depths. Population of trapped carriers is in decreasing order as one moves from lower where, TL Experimental and TL Fitted are the intensity values of experimental and fitted data, respectively. FOM must be minimized to achieve best fit and reliable parameters. Its value should be within a tolerance range of 0-3% 41 . Relative comparison of trap depth and carrier concentration of various traps at different doses of γ radiation and different UV exposure durations in S1 is shown in Fig. 8 .
Incomplete glow curve at higher temperature side exhibited by S1 ( Fig. 6(a,c) ) is generally observed in ZnAl 2 O 4 due to F + defect centers 26 . This means sample S1 contains F + centers which are dominant at lower doses of γ radiation and for all exposure times of UV irradiation. As the gamma dose increases, shallow traps (F centers) become more populated as compared to deep traps (F + centers). However, saturation reaches at 10 kGy, beyond which population of carriers in F + centers are competing with that in shallow traps. Since intensity of a glow curve is related to the population of trapped carriers, so by comparing intensities at different doses and exposure times, one can obtain information about the changes in carrier concentration of trap centers. With the increase in γ-dose, intensity increased which mean trap carrier concentration increased. This is due to increased filling of traps with electrons and increased number of photons emitted on recombination. In S1, saturation occurs at 10 kGy dose and no more traps could be filled by further increasing the dose, however, a minimal increase in carrier concentration is achieved in S2 with increase in dose beyond 10 kGy. This could be explained with the help of track interaction model 19 . According to this model, population of free charge carriers generated on irradiation depend upon the cross-section of tracks and length of tracks in lattice. Length of tracks is limited to few tens of nanometers in nanostructures, so fewer trap centers are present for lower doses. Saturation occurs on increasing dose when track overlapping occurs resulting in generation of no new free carriers. However, if particle size is further reduced, leading to higher surface-to-volume ratio, some particles missed at lower doses would be encountered by higher doses leading to increased TL intensity. S1 is smaller in size as compared to S2, difference being ~10 nm, so saturation does not occur at 10 kGy in S1 in accordance with track interaction model.
Samples were also exposed to UV radiation at 365 nm (see Supplementary Fig. S1 ) and 137 Cs source γ-radiation for 14 hour (see Supplementary Fig. S2 ). No TL signal was observed in lower temperature range, but incomplete glow curve at higher temperature side was visible in both S1 and S2 for both type of irradiation exposures. This means samples and hence trap levels are sensitive to type of ionizing radiation. F + centers originate when deeper traps transfer charge to them. Higher temperature glow curve also known as spurious TL is not supposed to be Table 4 . TL parameters for different traps derived from computerized deconvolution of γ-irradiated S1.
generating from irradiation. However, irradiation fosters the charge transfer from deeper defects to F + centers. Thus, type of incident radiation has a significant effect on activating the trap states and their population. Traps at lower temperature side corresponds to shallow traps i.e. charge carriers require lesser energy to get out of them and those at higher temperature sides correspond to deeper traps. Since in S1, intensity of low temperature peak is lesser and broader as compared to S2, it might be concluded that carriers from shallow traps are transferred to the deeper traps. Also, traps in S1 are continuously distributed, whereas only single trap state is present in S2, causing the broadening of peak in S1. Schematic of mechanism of trapping, retrapping and recombination in S1 and S2 is shown in Fig. 11 . As reported in previous work, forbidden band gap of both samples contain multiple defect levels, which are further distributed into near band edge defects and defects deeper in forbidden region 6, 7 . Defect levels closer to valence band edge may correspond to hole traps or V centers. Thus, Zn or Al vacancies being located near valence band edge might serve as hole traps. Whereas, oxygen vacancies form F and F + centers by trapping electrons and are present near conduction band edge. Presence of these defects near valence band edge, conduction band edge and deeper in band gap have been also confirmed by various researchers through ab-initio calculations thereby supporting the presented results 9, 12, 45 .
In order to check the effect of γ and UV irradiation on the luminescence of both samples, PL has been conducted on them after irradiation. PL spectra of S1 and S2 irradiated at various γ radiation doses are reported in Supplementary Information (Figs. S3 and S4, respectively) and corresponding spectra of S1 and S2 exposed to UV radiation for different duration are reported in supplementary information ( Fig. S5 and S6 , respectively). It is observed from the spectra that there is no significant effect of γ-irradiation and UV exposure on the PL emission of both the samples. Thus, it can be concluded that the defects activated by γ or UV irradiation participate in TL whilst not in PL in samples.
conclusions Different fuels, particularly urea and MEA, are employed for combustion synthesis of ZnAl 2 O 4 nanoparticles. Prepared nanoparticles have already been characterized through various spectroscopic techniques indicating simultaneous presence of multiple defects. Thermoluminescence study have been utilized to further enhance the understanding of defect levels. TL response curves of samples irradiated at varying γ-radiation doses and different UV exposure times have inferred the presence of O − defects and F + centers. It has been observed that one trap-one recombination model is applicable to S2, while multiple traps are present in S1. Retrapping phenomenon is expected to be playing its role in S1, leading to lowering of frequency factors and a wide distribution of charge carriers in all traps as compared to high frequency factor and charge carriers densely populated in one type of trap in S2. Trap distribution, trapping-retrapping and recombination phenomenon is depicted through a schematic band model. XPS has helped to analyze the bonding environment of Zn, Al and O elements in prepared samples. Presence of dual phase in S2, Zn metallic clusters, Zn vacancies, Al Zn defects, oxygen vacancies in both samples is also confirmed through core level spectra analysis supporting the results by TL. PL and Raman spectroscopy have also indicated the presence of Al Zn antisite defect and oxygen vacancies in both systems. SEM and TEM images depict the agglomerated nature of the spherical nanoparticles forming sheets/flakes type morphology on the surface. Presented study aids the fundamental information of defect states in ZnAl 2 3 .9H 2 O) were used as oxidizers. Two different fuels namely urea (CO(NH 2 ) 2 ) and MEA (C 2 H 7 NO) were utilized for combustion. Experimental procedure for synthesis of samples is explained in detail elsewhere 6 . Characterization. In order to examine the properties of prepared nanoparticles, various characterization techniques have been used. Raman spectroscopy is carried out on both samples using Ar laser 540 nm in Renishaw IN-VIA Raman microscope. Scanning electron microscopy has been used to study surface morphology of the samples at different resolutions through SEM, FEI XL-30 FEG. Transmission electron microscopy of the samples is performed on Tecnai 200 keV by FEI. Elemental confirmation and chemical state information have been derived through X-ray photoelectron spectroscopy from PHI-5000 VersaProbe scanning XPS microprobe (Ulvac-PHI, Japan) using monochromatised Al K α (1486.6 eV). The charging of samples during the X-ray irradiation was taken care of by neutralizing with slow electrons and ions during the data acquisition. The charge over compensation resulting in shifts in the measured binding energies was corrected using adventitious C 1s peak (284.6 eV). The sample area analyzed was about 0.1 mm 2 and the pressure during acquisition was less than 2 × 10 −7 Pa. Photoluminescence spectroscopy has been employed to study the defect-induced luminescence using Renishaw IN-VIA Raman microscope at an excitation wavelength of 325 nm using HeCd laser. Harshaw TL reader, model 3500 has been used to study TL response of samples pre-annealed at 400 °C and at different doses of γ-radiation and UV radiation for different durations. 60 Co source has been used in gamma chamber 1200 for irradiation at different doses specifically 50 Gy, 100 Gy, 500 Gy, 1 kGy, 2 kGy, 5 kGy, 10 kGy and 12 kGy. TL is also recorded for samples irradiated for 14 hour with γ-rays from 137 Cs source placed in a lead block. UV lamp, model VL-6.LC, used to expose samples for different durations (5 min, 15 min, 30 min, 1 hour, 2 hour) is equipped with two wavelengths (254 nm (6W) and 365 nm (6W)). TL signal has been monitored in 50-400 °C temperature range at a constant heating rate of 5 °C/s.
